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a b s t r a c t
The immortalizing function of the human adenovirus 5 E1A oncoprotein requires efﬁcient localization to the
nucleus. In 1987, a consensus monopartite nuclear localization sequence (NLS) was identiﬁed at the C-terminus
of E1A. Since that time, various experiments have suggested that other regions of E1A inﬂuence nuclear
import. In addition, a novel bipartite NLS was recently predicted at the C-terminal region of E1A in silico. In this
study, we used immunoﬂuorescence microscopy and co-immunoprecipitation analysis with importin-α
to verify that full nuclear localization of E1A requires the well characterized NLS spanning residues
285–289, as well as a second basic patch situated between residues 258 and 263 (258RVGGRRQAVECIEDLL-
NEPGQPLDLSCKRPRP289). Thus, the originally described NLS located at the C-terminus of E1A is actually a
bipartite signal, which had been misidentiﬁed in the existing literature as a monopartite signal, altering our
understanding of one of the oldest documented NLSs.
Crown Copyright & 2014 Published by Elsevier Inc. All rights reserved.
Introduction
The human adenovirus (HAdV) E1A oncoprotein is the ﬁrst viral
protein to be expressed following infection (Pelka et al., 2008). E1A
plays a critical role in reprogramming the infected cell by modulating
host transcriptional machinery to force quiescent cells to enter the
cell cycle and suppress the cellular innate antiviral responses thereby
providing an optimal environment for viral replication (Bayley and
Mymryk, 1994; Flint and Shenk, 1997). E1A has no enzymatic or
speciﬁc DNA binding capabilities and instead carries out its functions
by binding to and manipulating a plethora of key cellular regulatory
proteins through short linear motifs found within its 289 amino acid
sequence (Avvakumov et al., 2002; Pelka et al., 2008). Based on amino
acid similarity among different HAdV species, there are four regions
of high conservation within the E1A sequence termed conserved
regions 1–4 (CR1–CR4) and it is typically within these regions that
the linear motifs are located (Pelka et al., 2008; Avvakumov et al.,
2004). This strategy allows E1A to interact with over 50 cellular
targets and associate with over 17,000 genomic promoters (Ferrari
et al., 2008, 2009.
The speciﬁc subcellular localization of any protein is essential for
its given functions. Proteins targeted to the nucleus contain nuclear
localization signals (NLSs) that typically interact in the cytosol with
the importin-α family of NLS receptors (also known as karyopherin
α) (Macara, 2001). Importin α recognizes two classes of NLSs:
monopartite NLSs, which have a single cluster of basic amino acid
residues and bipartite NLSs, having two clusters of basic residues
separated by a linker region of 10–25 amino acids (Lange et al.,
2007, 2010). The prototypical monopartite signal is exempliﬁed by
the SV40 Large T antigen (T-Ag) NLS (126PKKKRKV132) (Kalderon
et al., 1984), while bipartite signals are exempliﬁed by the Xenopus
laevis nucleoplasmin NLS (155KRPAATKKAGQAKKKK170) (Dingwall
et al., 1988).
Translocation from the cytoplasm to the nucleus is a necessary
process for E1A to gain access to the members of its target
complexes (Madison et al., 2002; Douglas and Quinlan, 1995).
E1A contains a highly conserved monopartite NLS, a conserved ﬁve
amino acid sequence mapped to the extreme C-terminus of E1A
(285KRPRP289) (Fig. 1) that preferentially interacts with importin
alpha 3 (Qip1) (Lyons et al., 1987; Kohler et al., 2001). A second
non-canonical NLS was identiﬁed in CR3 of HAdV-5 E1A with the
consensus sequence FV(X)7-26MXSLYXYM(X)4MF (Standiford and
Richter, 1992; Slavicek et al., 1989). Unlike the C-terminal NLS, this
sequence is not conserved and is unique to HAdV-5 E1A. However,
using a genetic assay in Saccharomyces cerevisiae, we recently
showed that the CR3 region from all HAdV species is able to induce
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nuclear localization, indicating the presence of a non-canonical
NLS which does not follow the previously reported consensus
sequence. In this same study we reported yet another novel non-
canonical NLS in the N-terminal region of E1A mapped to residues
30–69 (Marshall et al., 2014).
Previous analysis has shown that efﬁcient nuclear localization
of E1A is required for the immortalization and transformation by
E1A in cooperation with HAdV E1B (Douglas and Quinlan 1994,
1995). These studies also revealed that inexplicably, mutations in
other regions within the second exon of E1A distal from the
canonical C-terminal NLS were deﬁcient for both nuclear localiza-
tion and transforming ability with E1B. We recently conducted an
extensive mutational analysis of the C-terminal region of E1A as a
means of identifying key amino acid residues required for inter-
action with several cellular targets. During this study, we observed
that the amino acid substitution at the highly conserved residues
262 and 263 (R262/263E) of HAdV E1A resulted in a deﬁciency in
nuclear localization (Cohen et al., 2013). The localization pheno-
type of this double point mutant was consistent with that of the
previously described E1A mutant with a deletion that spans
residues 256–273 (Douglas and Quinlan, 1994). Furthermore, the
R262/R263E mutant was unable to interact with Qip1 in co-
immunoprecipitation (co-IP) assays. Other highly conserved basic
residues are also situated within this region of E1A (K253 and
R258 speciﬁcally) (Fig. 1) and interestingly, a bipartite NLS was
predicted for E1A in silico, spanning residues 258–289 (Cohen
et al., 2013).
In the current study, we have veriﬁed that the C-terminal region
of E1A indeed contains a bona ﬁde bi-partite NLS (258RVGGRRQA-
VECIEDLLNEPGQPLDLSCKRPRP289) that is both necessary and sufﬁ-
cient for nuclear localization.
Results
The C-terminal E1A NLS requires both the major and minor binding
groove of Qip1
Importin-α contains two NLS binding grooves, a major site located
at the N-terminal Armadillo (Arm) repeat 2–4, and a minor site
located at the Arm repeat 7–8. Classical monopartite NLSs speciﬁcally
bind to the major binding site of Qip1, whereas bipartite NLSs bind to
both sites (Conti et al., 1998; Dingwall and Laskey, 1998). To determine
which binding sites the C-terminal E1A NLS interacts with, we used
Qip1 variants lacking the importin-β binding (IBB) domain, which is
an autoinhibitory region, and point mutants that speciﬁcally disrupt
the major (ΔMajor) or minor (ΔMinor) NLS binding sites, respectively
(Conti et al., 1998; Dingwall and Laskey, 1998; Lange et al., 2007).
Human HT1080 ﬁbrosarcoma cells were transfected with vectors co-
expressing GFP fusions of the monopartite NLS from the SV40 T-Ag,
the bipartite NLS from the nucleoplasmin protein (NP), or the second
exon encoded portion of E1A (residues 187–289) and the panel of HA-
tagged Qip1 constructs listed above. Lysates were immunoprecipitated
using anti-HA antibodies (clone 12CA5) and subsequently immuno-
blotted for each GFP fusion (Fig. 2). As expected, the monopartite T-Ag
NLS failed to interact with Qip1 ΔMajor (Fig. 2A), while retained
binding to Qip1 ΔMinor. The bipartite nucleoplasmin NLS was unable
to interact with either Qip1ΔMajor orΔMinor, as anticipated (Fig. 2B).
Like the bipartite nucleoplasmin NLS, the C-terminal E1A NLS failed to
bind to either Qip1 mutant (Fig. 2C). These results indicate that the
C-terminal E1A NLS requires both the major and minor NLS binding
sites of Qip1 to maintain its interaction, which is indicative of the
presence of a bipartite NLS.
Fig. 1. Amino acid sequence alignment of CR4 across HAdV species. An amino acid sequence alignment of E1A CR4 from seven HAdV types representing the seven HAdV
species (A–G) reveals a second cluster of basic residues upstream of the canonical C-terminal NLS starting at K253. Basic residues are indicated with n. Darker shading
corresponds to higher sequence homology. The previously identiﬁed monopartite NLS is indicated, as the CtBP binding motif (PLDLS) and the putative bipartitite NLS.
Fig. 2. The C-terminus of E1A binds importin-α like a bipartite NLS. Human HT1080
cells were co-transfected with vectors expressing GFP-fused to: A) the monopartite
NLS from SV40 Large-T antigen (T-Ag; PKKKRKV), B) the bipartite nucleoplasmin
NLS (KRPAATKKAGQAKKKK), or C) the C-terminal region of E1A (residues 187–289)
along with the indicated HA-tagged Qip1 variants. Lysates were immunoprecipi-
tated using anti-HA antibodies (12CA5) and immunoblotted using anti-GFP
antibodies.
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The C-terminal E1A bipartite NLS is comprised of residues 258–289
As noted above, there are highly conserved basic residues at
K253, R258 and R262/263, which we predicted to be a part of the
N-terminal portion of the bipartite NLS (Fig. 1). To determine the
minimal portion of E1A required for Qip1 binding, we created a
series of C-terminal E1A truncation mutants that progressively
delete these conserved basic residues (Fig. 3A). To disrupt the
number of basic residues in this region, we also engineered the
same panel of truncations in combination with the R262/263E
mutation, which we expected would abrogate Qip1 binding, as
reported previously (Cohen et al., 2013). Lysates from cells co-
expressing GFP fusions of the C-terminal region of E1A or our
series of E1A truncations and HA-tagged Qip1 were immunopre-
cipitated using anti-HA antibodies and immunoblotted with anti-
GFP antibodies (Fig. 3B). As expected, an efﬁcient interaction
between Qip1 and the C-terminal region of E1A was observed.
Furthermore, both the 253–289 and 258–289 truncations inter-
acted with Qip1. However, the 262–289 truncation, which lacks
part of the predicted bipartite NLS failed to bind. Unexpectedly,
further truncation to only 282–289, which contains the previously
identiﬁed C-terminal monopartite sequence, restored interaction
with Qip1. We hypothesized that the interaction of the C-terminal
binding protein (CtBP) with E1A, which utilizes the PLDLS motif at
the adjacent residues 279–283 (Schaeper et al., 1995; Chinnadurai,
2002), interferes with and out-competes the binding of Qip1 in the
context of the 262–289 truncation. To test this, we engineered a
variant of the 262–289 mutant which also deletes the CtBP
interaction motif (ΔPLDLS). Incorporation of this deletion restores
Qip1 interaction (Fig. 3C). Finally, we introduced the R262/263E
point mutation into the various truncations, which abrogated their
ability to interact with Qip1. These results indicate that E1A
requires the cooperation of multiple basic residues beyond those
present in the previously identiﬁed monopartite NLS for efﬁcient
binding (Fig. 3B). Taken together, these results suggest that the
minimal sequence required for Qip1 binding spans residues
258–289. This precisely coincides with the sequence predicted
by the NLS prediction software cNLS-mapper (Kosugi et al., 2009).
The C-terminal bipartite NLS of E1A is sufﬁcient for nuclear
localization
To determine if the newly identiﬁed bipartite NLS is sufﬁcient
for nuclear transport, we investigated the subcellular localization
of the GFP–E1A fusions described above using confocal ﬂuores-
cence microscopy (Fig. 4A). As expected, GFP fused to the entire
C-terminal portion of E1A (187–289) localized exclusively to the
nucleus. Both the 253–289 and 258–289 fragments exhibited
similar localization phenotypes to those of WT E1A (Fig. 4 left
panel). While the 262–289 mutant did localize to the nucleus, it
was not as efﬁcient as the larger truncations and a substantial
amount of signal was also observed in the cytoplasm. Further-
more, the 282–289 truncation was even more deﬁcient for nuclear
localization (Fig. 4 left panel). Interestingly, the 262–289 ΔPLDLS
mutant exhibited a similar localization phenotype to 282–289,
analogous to the Qip1 interaction data shown above (Fig. 3). As
expected, substituting the basic amino acids at residues 262/263
abrogated nuclear localization (Fig. 4 right panel), which coincided
with the deﬁciency in Qip1 binding described above. Quantiﬁca-
tion of the nuclear signal is presented in Fig. 4B, with statistically
signiﬁcant reductions observed in any E1A truncation with a
nuclear/cytoplasmic phenotype. Overall, these results show that
the C-terminal bipartite NLS of E1A is necessary and sufﬁcient for
efﬁcient nuclear localization.
Discussion
Although nuclear import of E1A has been extensively studied,
some aspects of the C-terminal NLS remain unknown. Although it
is clear that the C-terminal pentapeptide sequence (285KRPRP289)
is sufﬁcient to confer nuclear localization in isolation (Lyons et al.,
1987), it does not function in the same manner in the context
of WT E1A. Indeed, multiple E1A mutants affecting residues
upstream of the canonical monopartite NLS have been shown to
exhibit a deﬁciency in nuclear localization (Douglas and Quinlan,
1994, 1995; Cohen et al., 2013). These results suggest that while
the signal is necessary for efﬁcient nuclear localization, it is not
wholly sufﬁcient. As a mechanism to explain this, it was suggested
that the mutations upstream of the extreme C-terminal KRPRP
sequence may affect the conformation of E1A (Douglas and
Quinlan, 1996). In a recent study mapping interaction sites within
the C-terminus of E1A, we recently pinpointed R262 and R263 as
speciﬁc residues required to impair nuclear import and cause a
nuclear/cytoplasmic localization phenotype (Cohen et al., 2013).
Using an in silico prediction, these residues were predicted to
comprise the N-terminal region of a putative bipartite NLS in E1A
(258RVGGRRQAVECIEDLLNEPGQPLDLSCKRPRP289). In this study,
Fig. 3. Detailed mapping of the interaction of the C-terminus of E1A with importin-
α. Human HT1080 cells were co-transfected with expression vectors for GFP-fused
to the C-terminal region of E1A (187–289) or the indicated E1A mutants and HA-
tagged Qip1. Lysates were immunoprecipitated using anti-HA antibodies (12CA5)
and immunoblotted using anti-GFP antibodies. A) Speciﬁc E1A truncations are
denoted by their starting amino acid residue. The presence of the R262/263E
mutation is indicated as EE mutation. B) The ability of the 262–289 fragment of E1A
to bind Qip1 was tested in combination with deletion of the CtBP binding
site PLDLS.
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we sought to test this prediction by characterizing the interaction
of E1A with Qip1 in detail, and by further characterizing regions of
E1A that are necessary and sufﬁcient for nuclear localization.
The critical residues within the major and minor binding
grooves of importin-α include highly conserved tryptophan and
asparagine pairs that are in close proximity with the lysine and
arginine side chains of a canonical NLS (Conti et al., 1998; Dingwall
and Laskey, 1998). Speciﬁcally for Qip1, these residues map to
W179/N183 and W390/N394 for the major and minor binding
groove, respectively (Conti et al., 1998). Using Qip1 variants with
alanine point mutants at these sites, we observed that the
C-terminus of E1A requires both the major and minor grooves of
Qip1 for binding to occur. This is indicative of a bipartite NLS,
similar to that of the classical nucleoplasmin NLS used as a control
in these experiments (Fig. 2B and C). Using a panel of mutants that
progressively truncate E1A at highly conserved basic residues
(Fig. 3A), we conﬁrmed that a second patch of basic residues is
essential for the interaction between E1A and Qip1, as point
mutations that disrupt the net positive charge of this region
abrogated binding (Fig. 3B). Both 253- and 258–289 efﬁciently
coimmunoprecipitated with Qip1; however the 262–289 trunca-
tion was completely deﬁcient, suggesting that the minimum
sequence required for this interaction is 258–289.
As a 262–289 truncation with a ΔPLDLS mutation recovered
the Qip1 interaction (Fig. 3C), we concluded that the CtBP inter-
action may outcompete Qip1 binding under the co-precipitation
conditions. This seems highly likely, as the PLDLS and KRPRP
motifs are separated by a single amino acid (Fig. 1). This may
explain why E1A mutants unable to bind to CtBP, or the KRPRP
sequence in isolation can interact with Qip1 in the absence of the
rest of the bipartite NLS (Fig. 3B). However, using confocal
ﬂuorescence microscopy, we demonstrated that the full bipartite
NLS (258–289) is necessary to cause the accumulation of GFP in
the nucleus, whereas the previously characterized monopartite
signal was not as efﬁcient (Fig. 4 left panel). This suggests that in
the context of the in vivo nuclear localization experiments,
competition by CtBP is less important. The evidence for a bipartite
NLS is further strengthened by the observation that E1A–GFP
fusions with the R262/263E mutations are deﬁcient in nuclear
targeting (Fig. 4 right panel). Disruption of at least two of the four
basic residues in this region appears to be necessary to abrogate
nuclear localization as the E1A mutant R258E retains both full
nuclear localization and Qip1 binding (Cohen et al., 2013). Thus,
the bipartite signal remains functional despite the loss of an
individual basic residue.
The C-terminal E1A NLS is one of the oldest documented
sequences shown to confer nuclear import and was originally
identiﬁed as a pentapeptide signal capable of translocating the
cytoplasmic Escherichia coli protein GALK into the nucleus when
fused to its C-terminus (Lyons et al., 1987). However, this fusion
protein did not exhibit the full nuclear localization phenotype
observed by full-length E1A. The results shown in this study reveal
that the C-terminal pentamer is only a part of a much larger
bipartite NLS in HAdV5 E1A, which contains a second cluster of
Fig. 4. Nuclear localization of C-terminal truncations of E1A. A) Human HeLa cervical carcinoma cells were transfected with expression vectors for GFP-fusions of WT HAdV5
E1A or the indicated E1A truncation mutant and were subjected to confocal ﬂuorescence microscopy. Nuclei were stained with DAPI. Speciﬁc E1A truncations are denoted by
their starting amino acid residue. The right panel differs from the left panel in that the denoted truncation mutants also contain the R262/R263E mutation. B) Quantiﬁcation
of nuclear signal compared to total cellular signal. Statistically signiﬁcant decreases in % nuclear signal from E1A 187–289 are indicated (nPo0.001).
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basic residues and a 21 amino acid linker region. By deﬁnition, a
bipartite NLS includes a less-efﬁcient monopartite NLS in its
sequence (Robbins et al., 1991; Conti et al., 1998); therefore it is
not surprising that this E1A NLS was misidentiﬁed as a mono-
partite NLS (Lyons et al., 1987). Furthermore, it has only recently
been discovered that bipartite NLSs can contain a much larger
linker region than the historically accepted 10–12 amino acids
(Lange et al., 2010). Therefore, older in silico prediction software
such as PSORT II and PredictNLS were too restrictive and likely
unable to recognize the E1A bipartite NLS (Nakai and Horton,
1999; Cokol et al., 2000). Interestingly, the E1A proteins of
representative species A–G human adenoviruses invariantly con-
tain basic residues at positions 253, 258, 262 and 263 in the
upstream portion of the bipartite sequence, suggesting this is a
highly conserved feature of the E1A proteins (Fig. 1).
The majority of the interactions that the HAdV E1A protein
makes in the infected cell occur in the nucleus, and as such, this
viral protein encompasses a diverse array of mechanisms to ensure
its nuclear localization (Marshall et al., 2014; Pelka et al., 2008).
Why a viral protein would prefer a bipartite NLS over a mono-
partite NLS remains to be determined, although there is evidence
to suggest that the presence of an upstream cluster of basic
residues relaxes the stringent sequence requirements of mono-
partite signals. Speciﬁcally, nuclear import-deﬁcient SV40 T-Ag
mutants can be rescued by the addition of two basic amino acid
residues 10 residues upstream of the defective NLS, effectively
converting the signal into a functional bipartite NLS (Makkerh
et al., 1996). Furthermore, studies examining the efﬁciency of non-
viral gene transfer systems revealed that the bipartite NLS from
the Ku70 protein improved the efﬁciency of transgene expression
when compared to an array of monopartite NLSs (Matschke et al.,
2012). Thus, E1A may beneﬁt from a bipartite NLS through a more
stable and efﬁcient transport to the nucleus.
Materials and methods
Cell lines, cell culture and transfections
HT-1080 and HeLa cells were grown at 37 1C with 5% CO2 in
DMEM supplemented with 10% fetal bovine serum. Plasmids were
transfected into HT-1080 and HeLa cells using XtremeGeneHP
(Roche) and used for experimentation 24 h later.
Plasmids
All HAdV5 E1A constructs and nuclear localization sequences
were expressed as fusions with EGFP at the N-terminus. E1As with
the R262/263E mutation were constructed using the following
mutagenic primer: 50-TACAGAATTCGAAGAGCAGGCTGTGGAA-30.
E1A NLS (SCKRPRP). SV40 T-Ag NLS (PKKKRKV), and Nucleoplas-
min NLS (KRPAATKKAGQAKKKK) were cloned using self-annealing
primer pairs. Qip1 wild-type (WT), or mutants lacking the major
and minor NLS binding sites (ΔMajor, and ΔMinor) were sub-
cloned into pcDNA4-HA from plasmids kindly provided by
Dr. Shunichi Kosugi (Institute for Advanced Biosciences, Keio
University, Tsuruoka Japan) (Okazaki et al., 2012). Qip1 WT lacks
the importin-β binding domain (residues 1–55). The Qip1 major
and minor pocket mutants are derivatives of Qip1 WT, but contain
two alanine substitutions at W179/N183 and W390/N394,
respectively.
Western blotting and co-immunoprecipitation
Western blots and co-immunoprecipitation were performed
as described previously (Fonseca et al., 2012). The following
antibodies were used: αGFP (Clontech 632592), αHA clone
3F10 (Roche 11867431001) and αHA clone 12CA5 (a gift from
Dr. Fred Dick).
Immunoﬂuorescence microscopy and image analysis
Cells were ﬁxed in 3.7% paraformaldehyde, permeabilized on ice
using 0.2% Triton X-100 and blocked using 5% normal goat serum in
PBS. Samples were incubated with primary antibody (αGFP) at room
temperature for 1 h and for another hour at room temperature with
secondary antibody (AlexaFluor-488 αRabbit, Molecular Probes
A-11008). Nuclei were stained with DAPI (ProLong Gold Anti-fade
with DAPI, Life Technologies). Confocal images were acquired with a
Fluoview 1000 laser scanning confocal microscope (Olympus Corp).
Quantiﬁcation of nuclear signal was conducted by determining the
total cellular signal and the nuclear signal using ImageJ. Cells were
normalized for both cytoplasmic and nuclear size and the % nuclear
signal was determined as described previously (Magico and Bell,
2011). All numerical values represent means 7S.E.M. from 25 cells
for each sample. Statistical signiﬁcance was calculated using one way
ANOVA and a Tukey's HSD post-hoc comparison.
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